Objective-To measure intrapericardial fat (IPF), extrapericardial fat (EPF), and myocardial perfusion (MBF) in patients with and without coronary artery disease (CAD), hypothesizing that perfusion is more strongly associated with IPF because it is in direct anatomic contiguity with the myocardium or coronary arteries. Methods and Results-Fat surrounding the heart may increase the risk of CAD and calcification, but little is known about the role of MBF in this relationship. The study included 107 patients with an intermediate likelihood of CAD. Positron emission tomography/computed tomography was used to measure IPF and EPF volumes and coronary artery calcium level, together with MBF at rest and during adenosine-induced hyperemia. Subsequently, all subjects underwent coronary angiography and were grouped for presence/absence of CAD and severity of myocardial hypoperfusion. IPF and EPF levels were higher in men and in patients with CAD (nϭ85) than in those without CAD (nϭ22) (PϽ0.001). EPF was increased regardless of the degree of stenoses (nϭ45), whereas IPF was selectively increased in subjects with obstructive stenoses (nϭ40 
T he available evidence supports the notion that the accumulation of fat surrounding the heart is associated with increased risk/presence of coronary artery disease (CAD) and vascular calcification, [1] [2] [3] [4] but the mechanisms of this association remain elusive. The fat surrounding the heart can be distinguished into separate compartments: the one inside the visceral portion of the pericardial sac (defined as epicardial adipose tissue 2, 4, 5 or, in some cases, as pericardial fat), 6 the one overlying the parietal side of the sac (defined as paracardial fat), 2, 4, 5 and the fat depot in the mediastinic area still in continuity with the heart (defined as thoracic fat). 6 Regardless of the nomenclature, the fat inside the pericardium (or intrapericardial fat [IPF] ) is different from the extrapericardial fat (EPF) for anatomic reasons, its embryological origins, and, more interestingly, vascularization. 7 Given that there is no physical barrier between IPF and the myocardium or the wall of coronary arteries and that this fat depot is directly supplied by branches of coronaries, IPF might have more direct effects on vascular remodeling and plaque complications than EPF, acting through vasocrine/paracrine signaling 8 -13 ; however, the mechanisms of the development/progression of CAD disease in relation to fat accumulation have not been elucidated. Although IPF is expanded in patients with compared with those without CAD, the evidence of a continuous relationship between IPF and the severity of CAD remains controversial. Some studies 3, 14 have found an association between the number of vessels presenting stenosis and the amount of fat, whereas other studies 15, 16 have not found this association.
It is important to underline that the assessment of anatomic stenosis may not be sufficient to define the severity of disease, and the simultaneous determination of coronary flow reserve (CFR) and hyperemic perfusion, providing information on the ischemic consequences of the atherosclerotic lesion, is considered a gain in the management and diagnostic algorithm of CAD. 17 In this context, the absolute and regional quantification of myocardial blood perfusion is fundamental in the attribution of functional significance to epicardial coronary lesions. 18 -20 The relationship between accumulation of IPF and EPF and myocardial perfusion (MBF) in patients with CAD has not been investigated, although a strong mechanistic link is supported by evidence of vasoactive adipokines released into the coronary lumen. 8, 9, 21 One group 22 has examined and found a correlation between echocardiographically measured CFR and epicardial fat thickness in women with normal coronary arteries.
Our main aim was to investigate the relationship between IPF and EPF and MBF in patients with and without CAD, by absolute and regional measurements. This study was prospective and blinded, enrolling patients with moderate (30% to 70%) pretest likelihood of CAD and using gold standard methods, including invasive coronary angiography and fractional flow reserve for CAD diagnosis, positron emission tomography (PET), oxygen 15-labeled water for myocardial blood flow (MBF) quantification, and multidetector raw computed tomography (CT) for the measurement of fat volumes. In addition, we compared the predictive value of IPF and coronary artery calcification (CAC) scores on MBF.
Methods

Patient Population
We prospectively enrolled 107 consecutive outpatients (64 males and 43 females) with a history of stable chest pain and 30% to 70% pretest likelihood of CAD, as based on risk factors and symptomlimited exercise test results. 23, 24 Exclusion criteria were atrial fibrillation, iodine allergy, unstable angina, severe loss of kidney function, second-or third-degree AV block, severe congestive heart failure (New York Heart Association Functional Classification IV), symptomatic asthma, and pregnancy. Patients with angiographically proven CAD or a previous myocardial infarction were not eligible.
The study was conducted according to the guidelines of the Declaration of Helsinki, and the study protocol was approved by the ethics committee of the Hospital District of Southwest Finland. All patients gave their informed consent.
General Study Protocol
All patients underwent CT calcium score and CT angiographic assessments and myocardial PET perfusion imaging using a PET/CT hybrid scanner, followed by invasive coronary angiography within 2 weeks. The imaging protocol is shown in supplemental Figure I (available online at http://atvb.ahajournals.org). No cardiac events took place during the interval. Fractional flow reserve measurements 25 were performed for stenoses Ͼ30% when feasible and appropriate. Some stenoses could not be evaluated because of technical limitations or because they were judged as complicated lesions by the operator.
Grouping
At a first level, the population was subdivided into 2 groups: patients without CAD (nϭ22) (absence of any stenosis, as assessed by CT) and patients with any degree of CAD (nϭ85). Thereafter, patients with CAD were further divided into nonobstructive (nϭ45) and obstructive (nϭ40) CAD groups based on invasive angiography and fractional flow reserve.
CT Imaging
All patients underwent scanning with a 64-row PET/CT scanner. The CT acquisition protocol for calcium score assessment and attenuation correction for myocardial PET perfusion scans is described elsewhere. 26 CAC level was measured using standard software (GE ADW) and recorded in each patient. CAC score was entered in multiple regression models predicting perfusion because it has been reported to be an independent predictor. 27 Fat volume quantification was performed as described by Mahabadi et al. 6 We defined as intrapericardial (IPF) the fat inside the pericardial sac and as extrapericardial (EPF) the fat outside the sac, as shown in supplemental Figure II . CT images were analyzed with a commercially available system (Advantage Workstation [ADW v.4.4] ). The reader (M.B.) was required to do the following: (1) identify the volume of interest of the thoracic fat, defined as any adipose tissue located within the thorax from the level of the right pulmonary artery to the diaphragm and from the chest wall to the descending aorta; and (2) to segment the IPF, by manual tracing of a region of interest (ie, by delineating the pericardial sac on each axial slice). EPF was the result of the subtraction of IPF from the portion of thoracic fat previously defined. Within the volumes of interest, fat was defined as voxels within a window of Ϫ195 to Ϫ45 Hounsfield units, as previously published. 6 Intraobserver reproducibility was excellent for both IPF and EPF depots (correlation coefficients, 0.98 and 0.99, respectively), as tested in 25 random cases.
CT Angiography
If not contraindicated, 0 to 30 mg of intravenous metoprolol was administered before the scan to reach the target heart rate of Ͻ60 beats/min. Sublingual nitrate (800 g) was given before the scan. Iodinated contrast infusion (60 to 80 mL of 400-mg iodine/mL iomeprol at 4 to 4.5 mL/s) was followed by a saline flush. The collimation was 64ϫ0.625 mm, gantry rotation time was 350 ms, tube current was 600 to 750 mA, and voltage was 100 to 120 kV, depending on patient size. To reduce radiation dose, prospectively gated acquisition was applied whenever possible (86 of 107 patients). The technique has been described elsewhere in detail. 28 When a retrospectively gated mode was used (21 patients), an electrocardiographic-based tube current modulation was used.
An experienced cardiologist (H.U.) and a radiologist (S.K.) analyzed the vessels separately and then in consensus on a workstation (ADW 4.4 Workstation), blinded to other results and clinical data, using a standard 17-vessel segment system adapted from the original American Heart Association model. 29 
PET Imaging
A rest-stress perfusion cardiac PET was performed immediately after CT. Oxygen 15-labeled water (900 to 1100 MBq) was injected at rest as an intravenous bolus over 15 s at an infusion rate of 10 mL/min. A dynamic acquisition of 280 s was performed (14ϫ5, 3ϫ10, 3ϫ20, and 4ϫ30 s). After allowing 10 min for the decay of oxygen 15 radioactivity, a stress scan was performed during adenosine-induced hyperemia. Adenosine was started 2 min before the scan start and infused to the end of the scan at 140 g/kg body weight/min. Images were analyzed using computer software (Carimas) 30 by an experienced reader (M.M.) who was blinded to other results and clinical data. Standard polar plots of the heart were produced. Blood flow values were averaged according to the regions perfused by the 3 main coronary vessels: left anterior descending coronary artery (LAD), right coronary artery, and left circumflex artery. CFR was computed as the ratio between stress and rest perfusion in corresponding regions. CFR* and stress perfusion* are used to indicate the lowest regional CFR or hyperemic flow values, among the 3 coronary regions.
Invasive Coronary Angiography and Fractional Flow Reserve
All coronary angiographic procedures were performed with a coronary angiography system (Siemens Axiom Artis). In the presence of intermediate stenoses, a fractional flow reserve measurement was performed using pressure (ComboMap)/flow instrument and a 0.36 mm pressure guide wire (BrightWire). The pressure was measured distally to the lesion during maximal hyperemia induced by 18-g intracoronary boluses of adenosine with simultaneous measurement of aortic pressure through the coronary catheter. The fractional flow reserve was calculated as the ratio between mean distal and mean aortic pressure. 31, 32 Analysis of coronary angiograms was performed using software with an automated edge detection system (Quantcore) by an experienced reader (M.P.) blinded to the other results. Seventeen standard segments were analyzed.
Luminal diameter narrowing Ն50% was considered significant. When fractional flow reserve was available, stenoses with reserve Ͼ0.8 were classified as nonsignificant, 25 regardless of the degree of narrowing.
Statistical Analyses
Values are presented as meanϮSEM. The nominal variables presented in tables were compared with the Pearson 2 (2-sided) test, and the Fisher exact test was used for comparisons between groups. Group differences for continuous variables were tested with ANOVA. For 3 or more groups, post hoc tests were computed when ANOVA was statistically significant. The Dunnett post hoc test was used to compare fat depot differences among subjects with obstructive CAD with a different number of vessels involved, using non-CAD as the reference group. Fisher lease significant difference test was used for comparisons of 3 groups. Continuous variables were tested for significant associations with linear regression models. Simple regression model results were evaluated through Pearson correlation. Multiple regression analyses examining IPF and EPF in relation to perfusion after adjusting for confounders were performed. 
Results
Subjects characteristics of the whole cohort and of the subgroups are reported in Table 1 .
IPF and EPF Volumes
Measurements of IPF and EPF volumes were performed in all patients (nϭ107), resulting in 110Ϯ4 cm 3 
IPF and EPF in Relation to CAD and CAC Score
IPF and EPF values were higher in patients with CAD (nϭ85) than in subjects without CAD (nϭ22), as assessed by CT (PϽ0.001). When subjects with CAD were subdivided into a nonobstructive CAD group (nϭ45) and an obstructive CAD group (nϭ40), EPF was increased regardless of the degree of stenoses, whereas IPF was specifically increased in subjects with obstructive stenoses compared with subjects without or with nonobstructive stenoses, as shown in Figure  1A and 1B. When patients with obstructive CAD were subgrouped for the number of vessels presenting critical stenoses, both EPF and IPF showed no significant differences among groups ( Figure 1C and 1D) .
Both IPF and EPF values positively correlated with the Agatston CAC scores (Rϭ0.25 and Rϭ0.26, respectively; The relationship between CAD and MBF and the role of the fat depots was further explored by stratifying patients with obstructive CAD according to a hyperemic MBF* (Ն1.75 mL ⅐ min Ϫ1 ⅐ g Ϫ1 ), according to the median of the group. Four patients with microvascular disease (no CAD but abnormally reduced perfusion) were excluded from the comparison. IPF was significantly increased in patients with obstructive CAD and stress MBF (Յ1.75 mL ⅐ min Ϫ1 ⅐ g Ϫ1 ) compared with patients with obstructive CAD but a less severe perfusion deficit or without significant CAD. In addition, no significant difference was found between the latter 2 groups with a similarly normal MBF ( Figure 3A) . Instead, EPF was not significantly different between the previous subgroups with obstructive CAD ( Figure 3B ).
Multiple regression analyses are summarized in Table 2 , showing that hyperemic perfusion was predicted independently by IPF volume, but less or not significantly by EPF volume, and that male sex was a strong negative predictor of stress MBF and CFR. Regression models accounting for age, body mass index (BMI), and high-density lipoprotein were evaluated. High-density lipoprotein levels were included in the model because of its correlation with stress MBF* (Rϭ0.34, Pϭ0.001), stress LAD MBF (Rϭ0.32, Pϭ0.001), and CFR* (Rϭ0.20, Pϭ0.05). However, none of these 3 factors (age, BMI, and high-density lipoprotein) was significant in the prediction of the dependent variables, when evaluated together with sex and fat depots. Notably, only sex and IPF remained significant in predicting hyperemic perfusion. Multiple regression models of regional hyperemic blood perfusion values showed a tendency of IPF to explain better the LAD variability, perhaps reflecting the bigger proportion of the population with the lowest hyperemic MBF in this region (51%) compared with the left circumflex artery (29%) and the right coronary artery (20%). 
Comparison of MBF Predictors
Progressive linear regression models were used to compare the contribution of CAC score, IPF, and EPF in explaining the variability in our hyperemic MBF values. Sex was always taken into account, given its consistent relationship with MBF and fat volumes. The strongest predictors were as follows (in order of importance): sex, CAC score, and IPF (Table 3 ). The models including all 3 variables explained more variability (R 2 ) than each independent variable alone ( Table 3) . Because diabetes mellitus, dyslipidemia, and cardiovascular or metabolic medications may affect coronary vasodilation and endothelial function, we evaluated the predictive effect of main comorbidities (hypercholesterolemia and diabetes) and medications, together with age, BMI, sex, and IPF (or EPF), on MBF (supplemental Table I and supplemental Table II) , showing that IPF, but not EPF, was still significantly associated with LAD hyperemic flow and CRF regardless of all confounders.
Discussion
In recent years, several groups [1] [2] [3] [4] 33, 34 have documented the association between fat inside the pericardial sac and CAD or vascular calcification. MBF characterizes the functional consequences of atherosclerosis and may be affected by the vasocrine action of adipose tissue. Despite this dual importance, its relationship with pericardial fat in patients with CAD has not been investigated.
The main novelty of the study was to address the relationship of absolute MBF and cardiac adiposity in subjects of both sexes, with and without CAD. There is growing recognition that the measurement of hyperemic MBF plays an important role in the management of patients with coronary stenoses. Revascularization trials have demonstrated that, once the invasive treatment is guided by the flow reserve rather than percentage stenosis, the number of coronary events during follow-up is significantly reduced. 17 As expected, the distribution of male sex was skewed in favor of CAD, and especially in favor of the obstructive CAD groups, compared with that of women; also, male sex was a strong positive predictor of fat volumes and a negative predictor of hyperemic MBF.
Our measurements confirm previous studies that associate increased fat surrounding the heart to the presence of CAD. [1] [2] [3] [4] [33] [34] [35] Nevertheless, uncertainties about the relation remain because our results and previous studies have found no relationship between IPF and severity of CAD, expressed as the number of vessels with critical stenoses or atherosclerosis scores based on the number of significant obstructions 3, 14, 35, 36 and the composition of plaques. 3 The following findings aid in explaining this controversy: one of the key findings of the current study was that, among patients with CAD, only those with obstructive CAD had a greater IPF volume, whereas EPF was increased regardless of whether the stenosis was obstructive or not. This observation supports the potential vasocrine influence previously described. More important, it may be taken to explain the discrepancy between CAD severity and adipose tissue mass, by suggesting that in patients with CAD and fat enlargement, the latter promotes coronary endothelial dysfunction, whereas in patients with CAD and a normal IPF, no impairment in MBF occurs. In addition, IPF is nourished by coronary vessels; also, it cannot be excluded that hypoperfusion and ischemia might accentuate the inflammation of neighboring adipose tissue, 7,37 especially once adipose tissue is expanded and, therefore, requires an increment in perfusion. In this scenario, a defective MBF would exacerbate adipose tissue hypoxia, and adipose tissue damage would, in turn, aliment the coronary dysfunction. The assessment of pericardial adipose tissue perfusion in concomitance with MBF by PET is theoretically possible but requires specific protocols accounting for the contamination of the nearby myocardium, which is a high-flow and moving organ. Overall, our data suggest that cardiac adiposity may have a role in aggravating ischemia in patients with CAD. The CAC score in concomitance of CAD has also been extensively investigated in its relationship with fat depots surrounding the heart. [1] [2] [3] [4] 34, 35, 38 Our results regarding the relation between EPF and IPF with CAC scores are also in line with previous investigations. We found that augmented fat surrounding the heart is associated with higher CAC scores, similar to the evidence by other groups measuring pericoronary fat thickness 38 or epicardial adipose tissue volume. 1, 35, 38 However, the amount of IPF did not independently increase linearly with the degree of calcification, when accounting for sex and age in our data set, and in previous studies. 3, 35 To support the notion that CAC score is not so tightly related to fat accumulation, Greif et al 4 found no differences in pericardial fat depots between patients with different plaque composition (calcified, mixed, or noncalcified only) and reported that fat accumulation was already present without plaque calcification. Alexopoulos et al 34 found no difference between epicardial fat volumes in subjects without plaques compared with those with calcified plaques, whereas they found higher fat in subjects with mixed and noncalcified plaques.
In women with normal coronary arteries, Sade et al 22 reported a negative association between CFR and epicardial fat thickness assessed by color Doppler echocardiography, reflecting potential microvascular disease. The current study extends this observation in several ways, and it covers different clinical questions. We studied a larger cohort of patients of both sexes and with CAD, and measured MBF in a regional fashion. [17] [18] [19] [20] By using CT, we had the opportunity to evaluate the independent effects of IPF and EPF. We found an inverse association between both IPF and EPF and (hyperemic) MBF, but multiple regression analysis, discounting for factors known to cross-correlate with either MBF or cardiac fat masses, established that IPF, but not EPF, is related negatively with the MBF parameters considered herein. There are 2 potential explanations for this association. The MBF parameters and IPF, but not EPF, are linked with a common unmeasured risk factor. The other possibility is the direct influence of an enlarged perivascular fat mass on vessel wall dysfunction, as suggested in obesity and type 2 diabetes, 11 in heart disease animal models, 39 and more specifically in the modulation of coronary endothelial function. 8, 9 Inflammation, vasoactive adipokines, and mediators secreted locally by IPF could explain our findings. In fact, enlarged adipocytes increase the proportion of macrophages, T lymphocytes, 10 and detrimental adipocytokines, such as leptin, resistin, interleukin 6, and tumor necrosis factor ␣. Inflammation may alter the balance between vascular NO, endothelin-1, and superoxide production, promoting vasoconstriction. 11 Samples of pericardial fat from patients with CAD showed increased mRNA and protein levels of inflammatory cytokines relative to subcutaneous fat 12 and lower expression of adiponectin relative to that in patients without CAD. Perivascular fat can also stimulate smooth muscle cell proliferation, contributing to the progression of atherosclerosis. 13 In fact, adiponectin levels in the coronary lumen are associated with corresponding mRNA expression in epicardial fat. 40 Because CAC score has been reported to be a risk factor for low myocardial blood flow, 27 we compared the relative powers of IPF and CAC score in predicting stress myocardial blood perfusion. Even after taking into account common confounders, including hypertension, as suggested by others, 22 IPF remained an independent predictor of MBF, and more significantly so than EPF, BMI, and hypertension. IPF and CAC score together explained approximately one-fifth of MBF variability, although among single risk factors, male sex was the strongest negative predictor of MBF.
The cross-sectional design of the study allows only speculation on the causal relationship of the associations found. Our study included subjects of both sexes with a moderate to intermediate risk of CAD and stable angina; only 40 of 107 patients had CAD. The limited study sample was balanced by the use of reliable and reproducible quantification techniques, as reflected by high intraclass correlation coefficients (Ն0.98) and the use of a blind design, and the power achieved with our sample appeared sufficient to conclusively verify the hypothesized relationships. Follow-up data in these patients are not yet available; thus, our study cannot verify prognostic implications. A recent report 41 on outcome suggested that pericardial fat is a better predictor of incident CAD than are more general measures of adiposity, but cardiac adiposity was determined at follow-up and not at baseline. Estimation of the 10-year likelihood of myocardial infarction and coronary death based on a published score 42 developed in patients without overt CAD, showed an independent association with stress MBF or CRF (known predictors of cardiac mortality) and IPF or EPF (PϽ0.02) in our population (data not shown).
In conclusion, CAD is accompanied by augmented fat depots surrounding the heart. Our findings demonstrate a negative relationship between IPF or EPF and hyperemic blood perfusion or CFR. IPF was an independent predictor of MBF, together with CAC score, and both risk factors explained 20% of hyperemic coronary blood perfusion variability. Our results support the hypothesis of a direct paracrine/ vasocrine effect of perivascular fat on coronary vessels and suggest that an enlarged IPF is a more specific index of CAD complicated by myocardial ischemia than of CAD alone.
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